We investigated the production and regeneration of Thiobacillus ferrooxidans spheroplasts. Regeneration frequencies of up to 90% reversion were obtained. Attempts to transform T. ferrooxidans spheroplasts with a recombinant T. ferrooxidans plasmid were unsuccessful.
Acidophilic autotrophic thiobacilli, which are able to oxidize metal and solubilize sulfide ores, are used industrially to leach metals from mineral ores (4) . Although it has been shown that several different types of bacteria may be isolated from leach waters and that mixed cultures of bacteria are more effective than pure cultures, Thiobacillus ferrooxidans is considered to play the major role in most leaching operations. In view of the potential benefits of recombinant DNA technology and the genetic manipulation of T. ferrooxidans strains with enhanced leaching capabilities, the development of genetic systems for T. ferrooxidans is an important area of research (21) . T. ferrooxidans plasmids have been cloned (9, 15, 16) , and potential shuttle cloning vectors have been constructed (15, 16) . A critical step in the development of a genetic system for T. ferrooxidans, however, is the transfer of cloning vectors to recipient strains. Attempts to transfer plasmids to T. ferrooxidans by transformation with untreated and calciumshocked cells (6) have been unsuccessful to date (unpublished data). Since spheroplasts and protoplasts have been successfully used with other bacteria for the transfer of plasmids by transformation and protoplast fusion (10) , we investigated the production and regeneration of spheroplasts and protoplasts in two strains of T. ferrooxidans. Although true protoplasts are more easily obtained with gram-positive bacteria, there is a problem with gram-negative bacteria in the elimination of the outer membrane and the conversion of spheroplasts to true protoplasts (10) . Genetic systems have been developed, however, with spheroplasts of gramnegative bacteria.
Regeneration is an essential step in the transformation of protoplasts and spheroplasts. With heterotrophic bacteria, rich organic media are used to facilitate regeneration (12) . Autotrophic T. ferrooxidans strains are inhibited by organic compounds (19) . We therefore investigated protoplast production and regeneration of T. ferrooxidans FD1, which grows mixotrophically with glucose (2), and of an autotrophic strain, TF35 (13) .
The thiobacilli were grown in the inorganic 9K medium of Silverman and Lundgren (18) adjusted to pH 1.8 with sulfuric acid. The method used for the production of spheroplasts was a modification of the method of Gromova et al. (8) . Bacterial cultures in 9K medium were harvested, washed in 9K basal salts (pH 1.6) (18), and resuspended in 0.5 M NaCl. After washing three times in 0.5 M NaCl, the cells were resuspended in 20% (wt/vol) sucrose at 4°C for 2 h in a * Corresponding author.
shaking water bath. Preconditioning the cells in sucrose was done to facilitate the separation of the cell wall from the cytoplasmic membrane (7) . The Regeneration was investigated after removal of lysozyme by washing the spheroplasts in 9K basal salts containing 0.4 M NaCl. Osmotically resistant cells were determined by resuspension and dilution of the spheroplasts in 9K basal salts containing 0.4 M NaCl or water and by plating onto 9K and K2S406 agar media (20) . Spheroplasts were plated either directly on the surface of the agar medium or in soft agar (0.3%, wt/vol) overlays. The plates were incubated at 30°C for 12 days, and spheroplast regeneration frequencies were calculated by the formula 100 x (b -c)/a, where a is the colony count of the culture from which the spheroplasts were prepared, b is the colony count of protoplasts on the regeneration medium after dilution in 9K basal salts containing 0.4 M NaCl, and c is the colony count of the residual shock-resistant bacteria on the regeneration medium after dilution in distilled water.
Regeneration of the T. ferrooxidans FD1 strain was only obtained on the K2S406 agar medium when the cells were plated in the soft agar overlay. Typical regeneration frequencies varied from 70 to 93% (Table 1) . Shock-resistant FD1 bacteria grew on the surface of the K2S406 medium but regeneration was not observed unless a soft agar overlay was used. Although the T. ferrooxidans TF35 shock-resistant cells grew in the K2S406 soft agar overlay and on the surface of the K2S406 medium, regeneration of osmotically fragile cells did not occur (Table 1 ). The addition of gelatin (2.5%, wt/vol), bovine serum albumin (0.8%, wt/vol), or autoclaved T. ferrooxidans cells to the K2S406 overlay inhibited growth of the cells and regeneration of spheroplasts of both T. ferrooxidans strains. The lack of enhancement of regeneration by proteins and autoclaved cells in T. ferrooxidans differed from results with other bacteria (1) . The growth of T. ferrooxidans, however, is normally inhibited by the addition of organic compounds (19) .
To determine whether the osmotically sensitive forms were true protoplasts (complete removal of the cell wall) or spheroplasts (retention of part of the membranous lipopolysaccharide layer), the untreated and lysozyme-treated cells were examined by electron microscopy. The method of Kellenberger et al. (11) The results demonstrated that it was possible with T. ferrooxidans FD1 to make a high percentage of osmotically sensitive spheroplasts that regenerated at high frequency. The high regeneration frequencies of T. ferrooxidans FDi spheroplasts is encouraging for future transformation studies and contrasts with other gram-negative strains where, in general, it appears that the regeneration capability of spheroplasts is low (3, 10) . T. ferrooxidans TF35 formed low levels of spheroplasts that were unable to regenerate. It is not known whether the ability of T. ferrooxidans FD1 to form spheroplasts and to regenerate is related to its ability to grow mixotrophically. T. ferrooxidans whole cells are notoriously difficult to grow on solid media, however, and even small concentrations of galactose in the agar can inhibit growth (19) . We have compared the ability of T. ferrooxidans FD1 and other obligate autotrophic T. ferrooxidans strains to grow on solid media. T. ferrooxidans FD1 grew much better than did the other strains (unpublished data). Since spheroplasts have been utilized for the transfer of plasmids by transformation (10), we investigated the transformation of T. ferrooxidans FD1 with a recombinant T. ferrooxidans plasmid, pDER502 (17) . pDER502 was constructed by cloning the T. ferrooxidans plasmid pTF33020-1 (9) into the Hindlll site of pBR325, and it expresses the genes for resistance to ampicillin (Apr), chloramphenicol (Cmr), and tetracycline (Tcr). We showed previously that Cmr is a suitable selectable marker for genetic studies in T. ferrooxidans (14) .
Transformation of T. ferrooxidans spheroplasts was carried out with pDER502 plasmid DNA using polyethylene glycol 4000 (40%, wt/vol) at a ratio of 1 volume of spheroplasts to 9 volumes of polyethylene glycol, according to the spheroplast fusion method of Coetzee et al. (5) . Cmr or Tcr transformants were not isolated. This could be because of either a failure to transform T. ferrooxidans spheroplasts or the lack of expression of heterologous antibiotic genes in an autotroph.
